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[1] Microseisms are ground vibrations caused largely by
ocean gravity waves. Multiple spatially separate noise
sources may be coincidentally active. A method for source
separation and individual wavefield retrieval of microseisms
using a single pair of seismic stations is introduced, and
a method of back azimuth estimation assuming Rayleigh-
wave arrivals of microseisms is described. These methods
are combined to separate and locate sources of microseisms
in a synthetic model and then applied to field microseismic
recordings from Ireland in the Northeast Atlantic. It is shown
that source separation is an important step prior to loca-
tion for both accurate microseism locations and microseisms
wavefield studies. Citation: Moni, A., D. Craig, and C. J. Bean
(2013), Separation and location of microseism sources, Geophys.
Res. Lett., 40, 3118-3122, doi:10.1002/grl.50566.

1. Introduction

[2] Ocean gravity waves are driven by wind and atmo-
spheric pressure systems and generate pressure changes
at the seabed [Bromirski, 2009]. These pressure fluctua-
tions generate continuous background seismic noise, called
“microseisms,” which are associated with ocean wave activ-
ity and are generally stronger in coastal areas, although
they are recorded on terrestrial seismic stations throughout
the world. Background seismic noise levels increase during
periods of increased ocean wave activity. There are two main
types of microseisms:

[3] e Primary—These have periods of 820 s. They are
thought to be generated in shallow water by the dynamic
interaction between water waves and shoaling seafloor. They
can be produced by nonlinear interactions of the ocean wave
pressure signal on a sloping seafloor [Hasselmann, 1963].

[4] e Secondary—These have periods of 3—10 s. They
occur at half the primary wave period and are likely caused
by the interference of opposing waves producing a standing
wave [Longuet-Higgins, 1950].

[5s] Secondary microseisms dominate over primary micro-
seims, and their amplitudes are proportional to the square
of the standing wave height. This makes them sensitive to
larger waves/swell. This paper deals with the separation and
location of secondary microseisms.

[6] There have been studies aimed at locating primary
and secondary microseisms using a variety of methods.
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Triangulation using the time delays of arrival of Z com-
ponent seismograms between station pairs has been used
to locate microseism sources [Cessaro, 1994]. f-k analy-
sis has been used with Z components recorded at arrays
of stations to determine the slowness and back azimuth
[Cessaro, 1994; Cessaro and Chan, 1989; Friedrich et al.,
1998; Schulte-Pelkum et al., 2004; Chevrot et al., 2007]. A
polarization method, assuming Rayleigh-wave propagation,
to calculate the back azimuth by measuring phase differ-
ences between horizontal and vertical components has also
been used [Schulte-Pelkum et al., 2004; Chevrot et al., 2007,
Stutzmann et al., 2009].

[7] Source separation prior to application of location
methods has not been studied. Here we demonstrate that
this is a crucial step in the process of locating microseisms
as they comprise multiple coincidently active sources. It
is also important for determining the spatial and temporal
heterogeneity of the microseism wavefield. Source separa-
tion will help improve transfer functions developed between
land-based recordings of microseisms and wave parameters
recorded at ocean buoys. The source separation algorithm
used is described in section 2.1, and the location algorithm is
briefly discussed in section 2.2. The algorithms are tested on
synthetics (section 3) and applied to real data from Ireland,
in the Northeast Atlantic (section 4).

2. Algorithms

2.1.

[8] The algorithm that is used to separate sources in
this article is the Degenerate Unmixing Estimation Tech-
nique (DUET) [Yilmaz and Rickard, 2004]. This method
was designed for acoustic waves to solve the “cocktail party
problem,” i.e., separating individual speakers in a room with
multiple speakers. This method has been used in a geo-
physical setting, to separate multiple sources of tremor and
long-period events in a volcano [Moni et al., 2012].

2.1.1. Assumptions

[9] Anechoic Mixing. Consider a mixture of N source sig-
nals, s;(f),j = 1, ..., N, is received at a pair of stations where
only the direct path is present. In this case, without loss
of generality, the attenuation and delay parameters of the
first mixture, x;(¢), can be absorbed into the definition of
the sources. As such, the two anechoic mixtures can be
expressed as

Source Separation Using DUET
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where N is the number of sources, §; is the arrival delay
between the stations, and a; is a relative attenuation factor
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Figure 1. Phase difference between horizontal and vertical
components of the microseisms recorded at a seismic station
in Western Ireland during the month of October 2011.

corresponding to the ratio of the attenuations of the paths
between sources and stations. The anechoic mixing model is
not completely realistic, in that it does not represent echoes
(that is, multiple paths from each source to each mixture). In
spite of this limitation, DUET, which is based on this model,
has proven to be quite robust even when applied to echoic
mixtures [Rickard, 2007; Moni et al., 2012].

[10] W-Disjoint Orthogonality. Two functions s;(f) and
si(f) are W-disjoint orthogonal if, for a given windowing
function W(¢), the supports of the windowed Fourier trans-
forms of s;(f) and sx(7) are disjoint. That is, at each point
in the windowed Fourier transform, at most one source
(function s;(¢) or sx(#)) is dominant. The windowed Fourier
transform of s;(¢) is defined as

1 oo .
Si(t,0) = —— W(t - 7)s;(f)e "®'dt. 3
im0y = —= [ Wa-e G)
So the W-disjoint orthogonality assumption can be stated as
5(t, 0)8K(t, ) =0,VT,w,Vj # k. 4)

This assumption is the mathematical idealization of the con-
dition that it is likely that every time-frequency point in the
mixture with significant energy is dominated by the contri-
bution of one source. W-disjoint orthogonality is crucial to
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DUET, because it allows for the separation of a mixture into
its component sources using a binary mask. Consider the
mask which is the indicator function for the support of 5;:

1 if§(z, @) # 0

M(r, w) := 0 otherwise. ®)
M; separates §; from the mixture via
5i(7, w) = Mj(z, w)x1(t,0), V1,0, 6)

where X (7, ®) is the time-frequency representation of x;.
[11] As such, if binary masks for each source could
be determined, the sources can be separated by partition-
ing. In this algorithm, each time-frequency point is labeled
with delay differences that explain the time-frequency phase
between the two mixtures. These delays cluster into groups,
one group for each source.
2.1.2. The Method
[12] The assumptions of anechoic mixing allows the
mixing equations (1) and (2) to be rewritten in the time-
frequency domain as

3‘1(1’,0))

X(t,w) | _ 1 1 :
[5‘2(730))] R [ale”"”gl aNe*"wsN] - (D
3‘/\/('[,(1))

If the further assumption of W-disjoint orthogonality is
included, at most one source is active at every (r,w), the
mixing process can be described for each (7, w) as

oo ]=] oo |50 ®
for a given j. In the above equation, j depends on (7, w), in
that j is the index of the source active at (7, ). The main
observation that DUET utilizes is that the ratio of the time-
frequency representations of the mixtures does not depend
on the source components but only on the mixing parameters
associated with the active source component.

)’(\32(‘[, (1)) _
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Here Q = (r,w):5(7,w)# 0. In this paper, only the
relative delay estimates are used, and the relative atten-
uation estimates are ignored. This is done because the
amplitudes recorded by stations are sensitive to local site
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Figure 2. Back azimuth estimation for source 1 (left) and source 2 (right).
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Figure 3. Back azimuth estimation for multiple sources: a combination of source 1 and source 2 (left) and for separated

sources (right).

effects; thus, the relative attenuation estimates are not as reli-
able and accurate as the relative time delay estimates. The
mixing parameters (the relative delay estimate in this case)
associated with each time-frequency point can be calculated
as follows:

1 X(z,w)

S(t,w) = —5421(1, o)’

(10)

The steps taken to separate the sources using DUET are as
follows:

[13] 1. Construct the discrete short-time Fourier trans-
form (i.e., spectrogram) [Mallat, 1998] as defined in
equation (3) of the signal at each station. In this paper, we
use a Hamming window.

[14] 2. Take the ratio of the mixtures to extract the local
delay estimate. A delay estimate will result for each time-
frequency point.

[15] 3. Generate the histogram of these delays, with each
delay bin weighted with the energy of the corresponding
time-frequency point.

[16] 4. Find the peak delay for each source.

[17] 5. For each peak found, i.e., for each source, a
binary time-frequency mask is then created, based on how
close the delay at each time-frequency point is to the peak
delays found.

[18] 6. This mask can then be applied to each of the
mixtures recorded at each station to get the time-frequency

representation of the separated source recorded at each
station.

[19] 7. The separated source signals are then trans-
formed, using the inverse short-time Fourier transform, back
to the time domain.

[20] To preserve the phase information during the sepa-
ration, the algorithm is first run on the Z component seis-
mograms to separate the sources. The binary time-frequency
mask calculated for the separation of the Z component
seismograms is then applied to the horizontal components
to separate the sources. The result is a three-component
seismogram at both stations in the pair for each source.

2.2. Source Location

[21] Once separated, we are left with three-component
seismograms at both our stations for each separated source.
The back azimuth for each separated source is then deter-
mined. Microseisms are known to travel primarily with
a retrograde elliptical Rayleigh-wave-type particle motion
[Haubrich et al., 1963]. To confirm this, the phase difference
between the horizontal and vertical calculated using method
described in Tanimoto et al. [2006] shown in Figure 1.

[22] It can be seen in Figure 1 that there is a peak at
90° phase difference between the horizontal and vertical
components. Rayleigh waves have approximately 90° phase
difference between horizontal and vertical components.

Imagery ©2013 TerraMetrics,
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Figure 4. Back azimuth estimations for sources in the northwest Ireland array before source separation was applied.
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Figure 5. Back azimuth estimations for sources in the
southwest Ireland array after source separation using DUET.
Four pairs of stations are used for source separation.

The back azimuths (directions of arrival) of the microseisms
are calculated by using the 90° phase difference property of
Rayleigh waves, by finding the back azimuth which satis-
fies this phase difference property. The method used in this
paper to calculate the back azimuth of the Rayleigh waves is
described in Roberts and Christoffersson [1990].

3. Synthetic Tests

3.1. Data

[23] Synthetic tests were carried out using a reflectiv-
ity method [Kennett and Kerry, 1979] combined with the
integration method in discrete wave numbers proposed by
Dietrich and Bouchon [1985] and Dietrich [1988]. The data
are produced by propagating simultaneously two different
ocean noise samples through a laterally homogeneous, strati-
fied, elastic medium. For the model, five layers are used with
a free surface above and half space below. P wave veloc-
ity goes from 2.5 km/s near the surface to 6.5 km/s in the
half space (>25 km depth). S wave velocity varies similarly
from 1.45 km/s to 3.8 km/s. There are two seismic stations,
located 7 km apart. Source 1 is located at a back azimuth
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of 270° and is approximately 60 km from the receivers,
and source 2 is located at a back azimuth of 330° and is
approximately 70 km from the receivers.

3.2. Results

[24] Figure 2 shows the back azimuths estimated for two
individual sources at an individual station using the method
of Roberts and Christoffersson [1990]. These are estimated
accurately as 270° for source 1 and 330° for source 2.
Figure 3 (left) shows the back azimuth estimation for a mix-
ture of the two sources. It can be seen that when there are
multiple sources present, the back azimuth can then be incor-
rectly estimated; i.e., it does not point to either contributing
source. When one source is dominant (e.g., the energy of one
source is more than 5 times the energy of the other sources),
the location algorithm points to the dominant source. When
the two sources have similar energies, the location algorithm
points to neither source.

[25] DUET was used to separate the two sources using the
two receivers (approximately one third of a Rayleigh wave-
length apart). Figures of the different steps in the separation
method for this synthetic example are shown in the sup-
porting information including the separated seismograms.
The back azimuth estimation method was then performed on
these separated sources. The results are shown in Figure 3
(right). It can be seen that the sources have been separated
(magenta indicating source 1 and cyan indicating source 2),
and the back azimuths calculated from the separated sources
are consistent with the known back azimuths of source 1 and
source 2 (shown in Figure 2).

4. Test on Field Data

4.1. Data

[26] The data used in this paper to separate and locate
microseisms were recorded on pairs of stations chosen
from an 11-element array in southwest Ireland (shown in
Figure 4) on 31 January 2012, between 6 A.M. and 8 A.M.
The seismograms were filtered between 4 and 8 s periods
(0.125-0.25 Hz), i.e., around the secondary microseism.

4.2. Results

[27] The back azimuth estimates for the southwest Ireland
array stations, without source separation, are shown in
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Figure 6. Back azimuth estimation using separated sources from a pair of stations (left) and using f-k analysis on the

11-element southwest Ireland array (right).
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Figure 4. The sources seem to be originating from the south-
east at most stations, while some stations have a very wide
range of back azimuths.

[28] DUET was used to separate sources for four pairs
of stations in the array. There were two peaks seen for
each of these pairs in the DUET histogram (bottom-left
corner in Figure 5), and two sources were separated using
these peaks (the source contributing to the peak on the right
is stronger). The back azimuths were estimated on these
separated sources using horizontal-vertical phase difference
analysis. The results of the location of the separated sources
are shown in Figure 5. It can be seen that a source seems
to originate from the northwest (weaker source) and another
from the southeast (stronger source). This is consistent with
the back azimuths obtained using f-k analysis on all 11 ele-
ments of the array (Figure 6). However, using DUET, we
can recover the wavefield associated with each source sepa-
rately. Similar figures for different time periods are included
in the supporting information to show the robustness of the
separation method.

5. Conclusions and Future Work

[29] An algorithm for source separation was introduced,
and a back azimuth estimation method was briefly described.
These methods were tested on synthetic data to test the
robustness of the algorithms, and it was shown that sep-
aration of sources is essential for the accurate location of
microseisms when using the single stations phase difference
method. This method was then tested on field data recorded
to separate and locate sources. For the majority of exist-
ing location methods, periods of time with one dominant
source are chosen, and the signals are also filtered to very
narrow frequency bands (about 0.2 Hz). This has led to an
understanding of the nature of microseisms and their geo-
graphical and seasonal patterns. The method outlined in this
paper results in separate seismograms for each source at
each station. Separating the wavefield will allow for a bet-
ter understanding of relationships between microseisms and
wave climate and noise source heterogeneity for seismic
noise correlation imagery studies.
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